PLO\S\*\'- One

L)

Check for
updates

E OPEN ACCESS

Citation: Propst J, Taylor T, Loss SR, Noden BH
(2025) Effects of woody plant encroachment
on abundance of multiple tick species in the
U.S. Great Plains. PLoS One 20(10): e0332832.
https://doi.org/10.1371/journal.pone.0332832

Editor: Xiao Guo, Qingdao Agricultural
University, CHINA

Received: March 26, 2025
Accepted: September 4, 2025
Published: October 15, 2025

Peer Review History: PLOS recognizes the
benefits of transparency in the peer review
process; therefore, we enable the publication
of all of the content of peer review and

author responses alongside final, published
articles. The editorial history of this article is
available here: https://doi.org/10.1371/journal.
pone.0332832

Copyright: © 2025 Propst et al. This is an open
access article distributed under the terms of
the Creative Commons Attribution License,
which permits unrestricted use, distribution,
and reproduction in any medium, provided the
original author and source are credited.

RESEARCH ARTICLE

Effects of woody plant encroachment on
abundance of multiple tick species in the U.S.
Great Plains

Jozlyn Propst@®'*, Tucker Taylor', Scott R. Loss?, Bruce H. Noden'
1 Department of Entomology and Plant Pathology, Oklahoma State University, Stillwater, Oklahoma,
United States of America, 2 Department of Natural Resource Ecology and Management, Oklahoma State

University, Stillwater, Oklahoma, United States of America

* jozlyn.d.kizer@okstate.edu

Abstract

Vector-borne diseases are increasing in prevalence, posing a risk to 80% of the
human population worldwide. In the United States, tick-borne diseases account

for 75% of all nationally reported vector-borne disease cases. As the distribution of
medically important ticks and tick-borne diseases increases, it is crucial to under-
stand the factors driving their expansion. Changes in land cover are a known driver
of vector-borne disease emergence and prevalence. In the U.S. Great Plains, a
dominant form of land cover change affecting vectors and vector-borne diseases is
woody plant encroachment (WPE), the expansion of trees and shrubs into grass-
land ecosystems due to fire suppression and other anthropogenic factors. In this
study, we examined whether WPE by eastern redcedar (Juniperus virginiana, ERC),
a widespread encroaching tree in the Great Plains, influences abundance of three
medically important tick species, Amblyomma americanum, Dermacentor variabilis,
and Amblyomma maculatum. Through CO, trapping and flagging, we collected ticks
in Oklahoma, USA, in sites capturing open grasslands and three intensifying stages
of ERC encroachment. For all analyses, we found that abundances of A. americanum
and D. variabilis were higher in the earliest stage of ERC encroachment compared
to open grassland, indicating that abundances of these species increase shortly
after the onset of encroachment. However, for A. maculatum, a species known to be
associated with grassland ecosystems, abundance was lower in areas experienc-
ing ERC encroachment compared to grasslands. Our results suggest that the most
effective strategy to managing tick populations in association with WPE is to prevent
ERC encroachment entirely or to remove encroachment early on before progres-
sion to later stages. Landowners, managers of public and private lands, and public
health officials should be aware of the health risks associated with ERC encroach-
ment and consider initiating educational and management protocols to protect their
communities.
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Introduction

Globally, vector-borne diseases are increasing in prevalence, posing a risk to 80%
of the human population and contributing to approximately 700,000 annual deaths
worldwide [1]. Tick-borne diseases are the most prevalent vector-borne diseases

in the United States, making up >75% of nationally reported cases between 2004
and 2016 [2]. Over the past two decades, the United States has seen an increase in
several tick-borne diseases including ehrlichiosis and spotted fever group rickettsio-
sis, as well as two newly emerging tick-borne viruses, Bourbon virus and Heartland
virus [2—4]. Anthropogenic land cover change is a major contributing factor in the
ecology of vector-borne disease systems and the transmission of disease to humans
[5]. Further research into the effects of land cover change on all aspects of these
disease systems, including vectors, hosts, pathogens, and their surrounding abiotic
conditions, is necessary to enhance understanding of the emergence and rising prev-
alence of tick-borne diseases in the U.S.

In grassland ecosystems around the world, a major type of human-caused land
cover change that appears to be influencing vector-borne disease transmission is
woody plant encroachment (WPE). WPE is the proliferation of native or non-native
woody plant species into grassland and shrubland ecosystems, and is caused by
factors such as fire suppression, intensive grazing, drought, and climate change [6-8].
WPE changes all aspects of the grassland ecosystems it affects, including abiotic con-
ditions, vegetation cover, and animal population abundance and community composi-
tion [9,10]. Expansion of woody plants in grasslands reduces abundance and diversity
of grassland-dependent species, increases abundance of habitat-generalists and can
result in monocultural closed-canopy landscapes that are relatively low in species
diversity [6,9,11—15]. Although further research is needed to identify abiotic effects
of WPE, this process can increase air humidity and affect soil moisture through its
changes to rates of evapotranspiration and precipitation interception, infiltration, and
runoff, all of which results in substantial abiotic changes in encroached areas com-
pared to open grasslands [16—18]. All these changes brought about by WPE have the
potential to influence populations of pathogen vectors, hosts, vector-host interactions,
and thus the overall nidus of disease transmission on the landscape [19].

In the Great Plains of the United States, eastern redcedar (Juniperus virginiana, ERC)
(Fig 1) is one of the principal encroaching woody species, and is causing wholesale,
landscape-level transformations of grasslands into extensive monocultural woodlands and
forests across a broad swath from Texas to the Dakotas [20]. ERC is readily top-killed by
fire; however, widespread fire suppression across the Great Plains has allowed this native
evergreen, characterized by rapid growth and seed dispersal facilitated by birds and small
mammals, to expand into grasslands, converting them into closed-canopy forests in as
little as 20-30 years [6,7,21]. Additionally, ERC modifies abiotic conditions by increasing
relative humidity and decreasing wind speed compared to surrounding open grasslands
[20]. ERC also changes species composition of wildlife communities, including those of
birds and mammals, resulting in a shift from dominance by grassland-dependent spe-
cies to generalist and woodland-dependent species, some of which are documented tick
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Fig 1. Examples of increasing levels of eastern redcedar encroachment into grasslands in Oklahoma, USA.

https://doi.org/10.1371/journal.pone.0332832.9001

bloodmeal hosts and/or pathogen reservoir hosts (e.g., white-tailed deer [Odocoileus virginianus], white-footed mouse [Peromy-
scus leucopus], and several bird species) [14,22]. Notably, the presence of ERC has also been shown to increase the abundance
of ticks, and may increase prevalence of tick-borne pathogens, compared to un-encroached grasslands [23—25]. However, past
research into ERC effects on ticks and pathogens has been characterized by a relatively limited spatial and temporal scope with
comparisons of tick abundance under individual ERC trees to abundance in nearby open areas, and sampling covering a single
season. Longer-term research is needed to confirm the effects of ERC on ticks and tick-borne disease systems, and to evaluate
how tick abundance changes at broader spatial scales in different stages of encroachment.

We addressed this research gap regarding the impacts of WPE by ERC on the ecology of tick-borne diseases by
evaluating how tick abundance varies among sites capturing 4 different stages of ERC encroachment in Oklahoma, USA.
Oklahoma is characterized by a high prevalence of several tick-borne diseases [26,27] and is also experiencing some of
the greatest rates of ERC encroachment [28], making it an ideal study area for addressing this goal. Our specific objective
was to analyze effects of ERC encroachment stage on numbers of three different tick species (Amblyomma americanum,
Dermacentor variabilis, and A. maculatum). Based on previous research suggesting increased abundance of A. ameri-
canum and D. variabilis under ERC trees [23,24], we hypothesized that abundance of these two species would increase
with each successive stage of ERC encroachment, from open un-encroached grasslands to mature, closed-canopy ERC
forest. We did not expect this same pattern for A. maculatum, as it is known to be associated with grassland in rural
contexts [29]. This study will contribute to the expanding field of landscape epidemiology by assessing the impact of ERC
encroachment on disease ecology in a region facing a significant rise in vector-borne disease prevalence. The findings
aim to inform strategies for managing ERC and reducing disease risks to human, wildlife, and livestock populations.

Methods
Study design and site selection

We sampled ticks in western and central Oklahoma, USA, where ERC appears to facilitate tick survival and distribution
[24]. We first identified areas in this region that were experiencing large-scale ERC encroachment and contained varying
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stages of encroachment ranging from open grasslands (which we considered as our control treatment) to closed-canopy
ERC forests. Within these areas we sought to locate clusters of four study sites (each site >2 ha) that were (1) within ~5
km of each other, and (2) that each captured one of four encroachment stages described in detail below (including control
grasslands with no ERC). We specifically focused on areas that were publicly accessible (e.g., state parks/wildlife man-
agement areas; properties owned by Oklahoma State University) and sought permission from each entity. We identified
these general areas using ArcGIS 10.1 (Environmental Systems Research Institute, Redlands, California) and the Okla-
homa Ecological Systems Mapping (OESM) data layer, a 10x10-m resolution land cover layer that covers all of Oklahoma
and includes specific land cover types for which ERC is a dominant species [30]. Specifically, we considered candidate
areas if they contained substantial coverage of OESM land cover categories that were defined in Diamond et al. (2015) as
likely to capture open grasslands and eastern redcedar-encroached areas (see Table 1 for specific land cover categories
used to identify each type of area).

For all candidate areas identified using the above process, we ground-truthed land cover types during field visits.
Based on ground-truthing, we excluded areas that lacked adequate road access, that had different land covers than
indicated in the OESM layer (including areas where ERC had been cut/removed), and that could not accommodate four
sites capturing the stages of ERC encroachment described below (e.g., due to no or limited coverage of and/or no access
to one or more ERC stages). For seven remaining areas, hereafter referred to as site clusters (Fig 2), we visually identi-
fied and georeferenced boundaries of four sites capturing distinct stages of ERC encroachment stages (i.e., 28 total sites,
with four in each of the seven site clusters). These four ERC encroachment stages appear to be associated with varying
tick abundances based on a pilot study [23,24]. These four stages included: (1) open grasslands with no ERC or other
woody cover (hereafter, referred to as grassland sites); (2) grasslands with young ERC stands (4-6 yr old; 1- 2m tall) with
scattered small trees and extensive intervening grass cover (hereafter, referred to as early ERC encroachment sites); (3)
grasslands with medium-aged ERC stands (6-12 yr; 2-3m tall) with moderate encroachment by medium-sized trees and
some intervening grass cover (hereafter, referred to as moderate ERC encroachment sites); and (4) mature ERC stands
(212 yr; 4-5m tall) with large trees, closed canopies, and little to no grass remaining [31] (Fig 1) (hereafter, referred to as
mature ERC encroachment sites). We note that these four stages refer, respectively, to stages 1, 2, 3, and 4, in a com-
panion study of tick infestation of birds in the same study area [32]. Although we sought to separate all sites within clusters
by at least 1 km, constraints related to logistics and areal coverage and location of encroachment stages resulted in some
sites being as close as 0.11 km to each other. However, the average inter-site distance within clusters was much greater
at 0.82 km (SE+/- 0.2 km). Further, as described under “Statistical Analyses” we accounted for spatial non-independence
of sites within site clusters by treating cluster as a random effect in our generalized linear mixed models (GLMMs).

Regarding fire regimes at our study sites, we note that throughout our study region, frequent disturbance by fire, includ-
ing wildfire and prescribed fire (i.e., recent prescribed fire efforts for rangeland, wildlife, and ecosystem management,

Table 1. Specific land cover categories from the Oklahoma Ecological Systems Mapping (OESM) data layer (Diamond et al. 2015) used to
identify areas in western and central Oklahoma, USA with open grasslands (which we considered to be our control treatment), and varying
stages of eastern redcedar encroachment.

Land cover type OESM land cover data layers used to identify each land cover type
Grassland 207-Central Mixed grass Prairie: Prairie/Pasture
ERC encroached areas 15005-Canyon: Juniper Shrubland; 2515-High Plains: Bottomland Eastern Redcedar Woodland and Shrubland;

2503-High Plains: Bottomland Hardwood — Eastern Redcedar Forest; 2715-High Plains: Riparian Eastern
Redcedar Woodland and Shrubland; 2703-High Plains: Riparian Mixed Hardwood — Eastern Redcedar Wood-
land; 9115-Ruderal Eastern Redcedar Woodland and Shrubland; 14815-South Central Interior: Bottomland
Eastern Redcedar Woodland and Shrubland; 15115-South Central Interior: Riparian Eastern Redcedar Wood-
land and Shrubland; 1815-Southeastern Great Plains: Bottomland Eastern Redcedar Woodland and Shrubland;
1915-Southeastern Great Plains; Riparian Eastern redcedar Woodland and Shrubland

https://doi.org/10.1371/journal.pone.0332832.t001
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Fig 2. Map of seven site clusters across central and western Oklahoma in which ticks were sampled to study the effect of woody plant
encroachment by eastern redcedar on abundance of three tick species. Sites included: 1) Boiling Springs State Park, 2) Canton Wildlife Manage-
ment Area, 3) American Horse Lake, 4) Fort Cobb State Park West, 5) Fort Cobb State Park East, 6) Lake Carl Blackwell, 7) Oklahoma State University
Research Range.

https://doi.org/10.1371/journal.pone.0332832.9002

as well as historic use of fire by indigenous cultures for thousands of years) has historically maintained open grassland
ecosystems [33,34]. Suppression of fire on the landscape has allowed expansion of tree cover, including encroachment
by ERC. Detailed fire histories for some of our site clusters (e.g., those on lands managed by Oklahoma State Univer-
sity for research purposes) confirm that prescribed fire has regularly occurred at grassland sites and has been excluded
from sites containing ERC trees. For site clusters without fire histories available, we infer that fires have likely occurred at
grassland sites because otherwise these sites would likely have begun transitioning to ERC cover; likewise, at sites with
ERC encroachment, we infer that fire—or at least top-killing canopy fires—have been excluded for at least for as long as
ERC trees have been established.

Tick collection

From July 2022 through June 2024, adult and nymphal ticks were collected at all 28 sites every three weeks during the
peak period of activity for most tick species in Oklahoma (April 15t - July 15™), as well as once during early spring (March
2023 and 2024) and twice during late summer/fall (July 16" - Oct 315t 2022 and 2023), when tick activity is typically lower
than in early summer. Tick collections were also conducted once in winter (Nov-Feb) of both 2022 and 2023 at the two
central Oklahoma sites because ticks (especially Ixodes scapularis, the vector for Lyme disease) can be active in our
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study area on sunny and/or warm days throughout the winter. Due to safety considerations related to hunting seasons at
one site cluster located on an Oklahoma Department of Wildlife Conservation State Wildlife Management Area (WMA),
collection schedules had to be adjusted slightly for the sites in this cluster. Specifically, the spring (May) and fall (Octo-
ber) collections at the WMA had to be conducted between the hours of 1000 and 1500 on weekdays only. All collections
occurred on days with a temperature greater than 10°C and windspeeds below 32 kph, as these conditions are most
suitable for tick collection. Collections took place between the hours of 0800 and 1200 hr during the summer months
(June-August) because afternoon temperatures in Oklahoma frequently become too hot in the afternoon for tick collec-
tion. However, during the fall and winter months (October-February), and with the above exception for the WMA sites,
collections took place in the afternoon between 1300 and 1700hr, as this is the ideal time of day to collect /. scapularis
[35]. Each round of collections at a site cluster consisted of placing three CO, traps at each of the four sites and flagging
two 100m linear transects at each site following U.S. Centers for Disease Control (CDC) guidelines for tick flagging [36].
CO, traps consisted of placing a container of dry ice (solid CO,) in the middle of a 0.6 x 0.6 m wooden board lined with
wide masking tape [24]. All CO, traps were left open for approximately 1.5hr. For sites with ERC trees (i.e., all sites except
grassland sites), each CO, trap was placed under a different ERC tree; for grassland sites, each CO, trap was in open
grassland. To prevent oversampling and emphasize analysis at the level of entire sites, CO, traps and flagging transects
were randomly relocated each visit. Both trapping methods were also used in winter to ensure collection of as many active
ticks as possible. Ticks were placed in vials with 70% EtOH by date, site, and collection method, and transported to the
lab for identification using standard keys [37—39]. and stored at —20°C until processed for tick-borne pathogen testing.

Tree cover and height measurements

To confirm that there were indeed differences in the stage of ERC encroachment among the four site categories that we
used for site selection, we estimated and descriptively compared two characteristics of encroachment, average ERC
height and horizontal percent cover of ERC, among the four encroachment stages based on measurements taken at all 28
sites in summer 2024. Measurements were taken at three representative locations within each site cluster, with one loca-
tion at each ERC-encroached stage (early, moderate, and mature ERC stages); these measurements were not taken in
grassland sites because they contained no ERC trees. For ERC height measurements at each site, one tree was selected
in each of five randomly chosen compass directions (N, NE, E, SE, S, SW, W, and NW) that were randomly selected using
an orientation generator; this design resulted in 15 total tree height measurements per site cluster (5 trees at each of the 3
ERC-encroached stages). Tree height was measured using a TruPulse laser hypsometer; we selected three points on the
tree (horizontal angle from measurer, top, bottom) using a filter set for FARTHEST to prevent tree limbs from interfering
with the measurement. For ERC horizontal percent cover, we laid out a 10m circular radius plot, centered on the CO, trap
location, using a measuring tape and surveyor’s flags placed at each of the four cardinal directions. For each quadrant
within the circular plot, we visually estimated the percentage of the quadrant that was horizontally covered by living ERC
trees. To avoid individual bias, the same individual conducted all measurements. All individual tree height and percent
cover readings were averaged at the site-level.

Statistical analysis

This study aimed to evaluate the effect of ERC encroachment on tick abundance in central and western Oklahoma.
Because different life stages of A. americanum may respond to ERC differently [40], and because different sampling
approaches target different tick behaviors and stages [41], we conducted four total analyses for A. americanum, including
for abundance of: (1) adults collected by CO, trapping, (2) adults collected by flagging, (3) nymphs collected by CO, trap-
ping, and (4) nymphs collected by flagging. However, for D. variabilis and A. maculatum, we only analyzed effects of ERC
on total abundance due to these species being sampled in relatively low numbers, which limited our ability to conduct
analyses for separate life stages and trapping methods. Analysis was conducted in R-4.2.3 [42].
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For all of the above analyses, and because tick data were counts, we used generalized linear mixed models (GLMMs) and
tested for overdispersion [43] to determine whether to use a Poisson or negative binomial distribution; Poisson and negative
binomial models were respectively run in R packages Ime4 [44] and MASS [45]. Overdispersion test results based on null (i.e.,
intercept only) models were statistically significant for all six analyses (all p-values<0.001 detecting overdispersion in Poisson
models) indicating a need to use negative binomial models. Due to a high frequency of zero counts, we also used Akaike
Information Criterion (AIC) model comparison to determine if zero-inflated negative binomial models were more appropri-
ate. The AAIC value for the zero-inflated negative binomial model was always higher than for the negative binomial model;
therefore, we used negative binomial GLMMs for all six analyses. Our unit of replication for all analyses was individual visits
to each site (i.e., number of ticks sampled during each site visit, with 15 visits to each of the 28 sites resulting in 420 repli-
cates). To account for multiple replicates/visits per site and for the greater similarity of sites within clusters compared to sites in
different clusters, site nested within site cluster was included as a random effect in all analyses. To evaluate the effect of ERC
encroachment stage on each tick abundance response variable, we used the above negative binomial GLMM structure and
defined both a null (intercept-only) model and a model containing a fixed effect for stage (a categorical variable with four lev-
els). We evaluated statistical significance of the effect of stage using p-values (a-level=0.05), and for models with a significant
effect of stage identified, we further compared differences in tick abundance among stages using the emmeans package [46]
to perform post-hoc analyses, conducting pairwise comparisons among all combinations of ERC stages.

Results
Tree cover and height measurements

Descriptive comparisons of stage means for ERC tree height and horizontal percent cover confirmed that our sampling
captured four distinct stages of encroachment. Specifically, both ERC height and horizontal percent cover increased

with each successive ERC encroachment stage. Average ERC height was 0 m for grassland sites, 3.6 m for early ERC
encroachment sites, 5.3 m for moderate ERC encroachment sites, and 7.2 m for mature ERC encroachment sites. Aver-
age horizontal cover of ERC for these four respective encroachment stages was 0%, 30.2%, 55.2%, and 89.3%. (S1 Fiqg).

Summary of tick sampling results

Atotal of 44,833 ticks were collected from 7 site clusters across central and western Oklahoma between July 2022 and
June 2024 (Table 2), with greater abundance in 2024 (26,490, 59%) than 2023 (18,343, 41%). The majority of ticks were
Amblyomma americanum (44,296, 98.8%), followed by Dermacentor variabilis (360, 0.8%), A. maculatum (153, 0.3%),
Ixodes scapularis (16, 0.04%), and Haemaphysalis leporispalustris (8 nymphs, 0.02%). Of 44,296 A. americanum, 16,073
(36%) were adults (7,669 males and 8,404 females) and 28,223 (64%) were nymphs. A. americanum and D. variabilis
were found at every site cluster, while A. maculatum was found at 6 of 7 (86%) site clusters. The highest counts of A.
americanum (20,422 total, including 14,975 nymphs and 5,447 adults) came from Research Range, a central Oklahoma
site cluster, while the highest counts of both D. variabilis (184) and A. maculatum (56) came from Canton, a western Okla-
homa site cluster. The highest count of A. americanum for a single collection visit came from an early ERC encroachment
site in our Research Range site cluster that was sampled in May 2024 (11,868 individuals collected, accounting for 26.8%
of the total A. americanum count, with 11,452 of these individuals from a single trap). To avoid model convergence issues
and to prevent this data point from obscuring overarching patterns across our desired spatiotemporal scope of inference,
all CO, traps for this site visit were excluded from our statistical analyses.

Effects of Eastern redcedar encroachment stage on tick abundance

For A. americanum adults collected from CO, traps, there was a significant effect of ERC stage on abundance
(F=120.57, df=3, p<0.001). Pairwise comparisons of group means revealed that A. americanum abundance was
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Table 2. Total count (mean +/- SE) of field-collected ticks sampled by site, stage, species, and life stage at seven site clusters and 28 sites
capturing open grasslands and three stages of intensifying eastern redcedar encroachment (respectively labelled in the table as open grass-
lands, early ERC, moderate ERC, and mature ERC) across central and western Oklahoma, USA, July 2022-June 2024.

Site Stage N of A. america- A. america- D. variabi- A. macula- A. macula- I. scapu- H. leporispal-
Visits num Adults num Nymphs | lis Adults tum Adults tum Nymphs | laris Adults | ustris Nymphs
(mean+/- SE) (mean+/- SE) |(mean+/- SE) | (mean+/- SE) | (mean+/- SE) | (mean+/- SE)  (mean+/- SE)
AHL? Open 16 0(0.0+/-0.0) 0(0.0+/-0.0) 2(0.1+/-0.1) |1(0.1+/-0.1) |0(0.0+/-0.0) |0(0.0+/-0.0) | 0(0.0+/-0.0)
grassland
Early ERC |16 3(0.2+/-0.1) 4 (0.3+/-0.1) 4(0.3+/-0.1) |0(0.0+/-0.0) |0(0.0+/-0.0) |0(0.0+/-0.0) |0(0.0+/-0.0)
Moderate | 16 5(0.3+/-0.2) 5(0.3+/-0.3) 5(0.3+/-0.2) |0(0.0+/-0.0) |0(0.0+/-0.0) | 0(0.0+/-0.0) |0(0.0+/-0.0)
ERC
Mature 16 10 (0.6+/-0.3) |2(0.1+/-0.1) 6(0.4+/-0.2) |0(0.0+/-0.0) |0(0.0+/-0.0) | 0(0.0+/-0.0) |0(0.0+/-0.0)
ERC
BSP Open 16 1(0.1+/-0.1) 4 (0.3+/-0.2) 1(0.1+/-0.1) |0(0.0+/-0.0) |0(0.0+/-0.0) |0(0.0+/-0.0) | 0(0.0+/-0.0)
grassland
Early ERC |16 238 (14.9+/-6.0) | 848 24 (1.5+/-0.5) | 0(0.0+/-0.0) |0(0.0+/-0.0) |0(0.0+/-0.0) | 0(0.0+/-0.0)
(563.0+/-22.3)
Moderate |16 116 (7.3+/-2.5) | 80(5.0+/-2.4) |17 (1.1+/-0.3) |0(0.0+/-0.0) |0(0.0+/-0.0) |0(0.0+/-0.0) | 0(0.0+/-0.0)
ERC
Mature 16 405 (25.3+/- 8.5) | 297 15(0.9+/-0.3) |0(0.0+/-0.0) |0(0.0+/-0.0) |0(0.0+/-0.0) |2(0.1+/-0.1)
ERC (18.6+/-6.1)
CA° Open 16 14 (0.9+/-04) |24(1.5+/-0.8) | 5(0.3+/-0.1) |19(1.2+/-0.4)|0(0.0+/-0.0) |0(0.0+/-0.0) | 0(0.0+/-0.0)
grassland
Early ERC |16 212 (13.3+/-3.1) | 774 61(3.8+/-1.4) |18(1.1+/-0.4)/0(0.0+/-0.0) | 2(0.1+/-0.1) |1(0.1+/-0.1)
(48.4+/-14.5)
Moderate |16 327 (20.4+/-5.7) | 499 73(4.6+/-1.4) | 15(0.9+/-0.3)|0(0.0+/-0.0) | 0(0.0+/-0.0) |0(0.0+/-0.0)
ERC (31.2+/-9.1)
Mature 16 129 (8.1+/-3.0) |68 (4.3+/-1.3) ' 45(2.8+/-0.9) |3(0.2+/-0.1) |1(0.1+/-0.1) |0(0.0+/-0.0) | 1(0.1+/-0.1)
ERC
CB¢ Open 16 17 (1.14/-0.3) 19(1.2+/-0.6) |6(0.4+/-0.2) |4(0.3+/-0.1) |0(0.0+/-0.0) |0(0.0+/-0.0) |0(0.0+/-0.0)
grassland
Early ERC |16 1,866(116.6+/- | 2,899 11 (0.7+/-0.2) |0(0.0+/-0.0) |0(0.0+/-0.0) |0(0.0+/-0.0) | 0(0.0+/-0.0)
36.2) (181.2+/-51.1)
Moderate | 16 1,005 1,523 3(0.2+/-0.1) |1(0.1+/-0.1) |0(0.0+/-0.0) | 2(0.1+/-0.1) |0(0.0+/-0.0)
ERC (62.8+/-15.1) (95.2+/- 35.5)
Mature 16 961 (60.1+/-11.3) 1,382 11(0.7+/-0.3) |1(0.1+/-0.1) |0(0.0+/-0.0) |5(0.3+/-0.2) |1(0.1+/-0.1)
ERC (86.4+/-20.4)
RRe Open 16 25(1.6+/-0.7) |53(3.3+/-1.6) |1(0.1+/-0.1) |0(0.0+/-0.0) |0(0.0+/-0.0) |0(0.0+/-0.0) |0 (0.0+/-0.0)
grassland
Early ERC |16 3,848 12,119 2(0.1+/-0.1) |11(0.7+/-0.3)|0(0.0+/-0.0) |2(0.1+/-0.1) | 0(0.0+/-0.0)
(240.5+/- 124.8) | (757.4+/- 669.5)
Moderate | 16 1,134 1,278 3(0.2+/-0.1) |0(0.0+/-0.0) |0(0.0+/-0.0) | 1(0.1+/-0.1) |0(0.0+/-0.0)
ERC (70.9+/- 23.3) (79.9+/- 39.1)
Mature 16 440 (27.5+/-5.7)| 1,525 1(0.1+/-0.1) |0(0.0+/-0.0) |0(0.0+/-0.0) |0(0.0+/-0.0) |2(0.1+/-0.1)
ERC (95.3+/-30.5)
FCE' Open 16 87 (5.4+/-1.6) 474 0(0.0+/-0.0) |39(2.4+/-1.0)/0(0.0+/-0.0) | 2(0.1+/-0.1) |0(0.0+/-0.0)
grassland (29.6+/-17.8)
Early ERC |16 439 (27.4+/-8.7) | 462 2(0.1+/-0.1) |0(0.0+/-0.0) |0(0.0+/-0.0) |1(0.1+/-0.1) | 0(0.0+/-0.0)
(28.9+/-13.6)
Moderate | 16 699 (43.7+/-9.1)| 240 11 (0.7+/-0.2) |0(0.0+/-0.0) |1(0.1+/-0.1) |0(0.0+/-0.0) | 0(0.0+/-0.0)
ERC (15.0+/- 4.5)
(Continued)
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Table 2. (Continued)

Site Stage N of A. america- A. america- D. variabi- A. macula- A. macula- I. scapu- H. leporispal-
Visits num Adults num Nymphs | lis Adults tum Adults tum Nymphs | laris Adults | ustris Nymphs
(mean+/- SE) (mean+/- SE) |(mean+/- SE) | (mean+/- SE) | (mean+/- SE) | (mean+/- SE) (mean+/- SE)
Mature 16 572 194 11(0.7+/-0.3) | 1(0.1+/-0.1) |0(0.0+/-0.0) |0(0.0+/-0.0) |0 (0.0+/-0.0)
ERC (35.8+/-13.2) (12.1+/-2.3)
FCWs | Open 16 26 (1.6+/-0.6) |28(1.8+/-0.5) |0(0.0+/-0.0) |23(1.4+/-0.7)/0(0.0+/-0.0) |0(0.0+/-0.0) |0 (0.0+/-0.0)
grassland
Early ERC |16 1,457 1,791 6(0.4+/-0.2) |1(0.1+/-0.1) |0(0.0+/-0.0) | 0(0.0+/-0.0) |0 (0.0+/-0.0)
(91.1+/-37.0) (111.9+/- 50.5)
Moderate |16 576 (36.0+/-7.4)| 1,069 17 (1.1+/-0.4) |10 (0.6+/-0.3)| 0 (0.0+/-0.0) |1 (0.1+/-0.1) | 1(0.1+/-0.1)
ERC (66.8+/-21.1)
Mature 16 1,461 562 17 (1.1+/-0.3) |4 (0.3+/-0.2) |0(0.0+/-0.0) |0 (0.0+/-0.0) | 0(0.0+/-0.0)
ERC (91.3+/- 55.6) (35.1+/-11.6)
Total 16,073 28,223 360 151 2 16 8

2aAmerican Horse Lake *Boiling Springs State Park °Canton Wildlife Management Area ¢Lake Carl Blackwell *Oklahoma State University Research Range
Fort Cobb State Park East ¢Fort Cobb State Park West

https://doi.org/10.1371/journal.pone.0332832.t002

significantly higher in early, moderate, and mature ERC encroachment sites than in grasslands (p-value for all stage
comparisons with grassland <0.001). However, there were no significant differences in abundance between the three
stages with ERC encroachment present (early ERC:moderate ERC: p=0.1027; early ERC:mature ERC: p=0.5574; mod-
erate ERC:mature ERC: p=0.7999) (Fig 3a). Based on estimated stage means, there were approximately 66.2 times
more A. americanum adults collected by CO, traps in early ERC encroachment sites compared to open grassland sites.

For A. americanum adults collected from flags, there was a significant effect of ERC stage on abundance (F=16.12,
df=3, p<0.001). Pairwise comparisons of group means revealed that A. americanum abundance was significantly higher
in early, moderate, and mature ERC encroachment sites than in grasslands (p-value for all stage comparisons with grass-
land <0.001). However, there were no significant differences in abundance between the three stages with ERC encroach-
ment present (early ERC:moderate ERC: p=0.9924; early ERC:mature ERC: p=0.9063; moderate ERC:mature ERC:
p=0.9803) (Fig 3b). Based on estimated stage means, there were approximately 5.9 times more A. americanum adults
collected by flagging in early ERC encroachment sites compared to open grassland sites.

For A. americanum nymphs collected from CO, traps, there was a significant effect of ERC stage on abundance
(F=68.73, df=3, p<0.001). Pairwise comparisons of group means revealed that A. americanum abundance was signifi-
cantly higher in early, moderate, and mature ERC encroachment sites than in grasslands (p-value for all stage compar-
isons with grassland<0.001). There also were significant differences in abundance between the three stages with ERC
encroachment present, with early ERC sites having significantly more ticks than moderate ERC and mature ERC sites
(early ERC:moderate ERC: p=0.0028; early ERC:mature ERC: p<0.001) but comparable abundance between moderate
ERC and mature ERC sites (p=0.7007) (Fig 3c). Based on estimated stage means, there were approximately 20.6 times
more A. americanum nymphs collected by CO, traps in early ERC encroachment sites compared to open grassland sites.

For A. americanum nymphs collected through flagging, there was a significant effect of ERC stage on abundance (F=9.29,
df=3, p<0.001). Pairwise comparisons of group means revealed that A. americanum abundance was significantly higher in
early ERC and mature ERC sites than in both grassland sites (open grassland:early ERC: p=0.0026; open grassland:mature
ERC: p=0.0004) and moderate ERC sites (early ERC:moderate ERC: p=0.0433; moderate ERC:mature ERC: p=0.0102).
However, abundance was comparable between early ERC and mature ERC sites (p=0.9756) and between open grassland
and moderate ERC sites (p=0.6399) (Fig 3d). Based on estimated stage means, there were approximately 2.8 times more A.
Americanum nymphs collected by flagging in early ERC encroachment sites compared to open grassland sites.
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Fig 3. Comparison of mean abundances of: (a) A. americanum adults collected from CO, traps, (b) A. americanum adults collected from flags,
(c) A. americanum nymphs collected from CO, traps, (d) A. americanum nymphs collected from flags, among sites capturing open grass-
lands, early eastern redcedar (ERC), moderate ERC, and mature ERC. Whiskers represent standard errors, letters shared among stages indicate no
significant differences among them, and stages with different letters indicate significant differences among them.

https://doi.org/10.1371/journal.pone.0332832.9003

For total abundance of D. variabilis, there was a significant effect of ERC stage on abundance (F=14.00, df=3,
p<0.001). Pairwise comparisons of group means revealed that D. variabilis abundance was significantly higher in
early, moderate, and mature ERC encroachment sites than in grasslands (p-value for all stage comparisons with grass-
land <0.001). However, there were no significant differences in abundance between the three stages with ERC encroach-
ment present (early ERC:moderate ERC: p=0.8238; early ERC:mature ERC: p=0.9657; moderate ERC:mature ERC:
p=0.9805) (Fig 4). Based on estimated stage means, there were approximately 7.5 times more D. variablis in early ERC
encroachment sites compared to open grassland sites.

For total abundance of A. maculatum, there was a significant effect of ERC stage on abundance (F=10.31, df=3,
p<0.001). Pairwise comparisons of group means revealed that A. maculatum abundance was significantly higher in open
grassland than early, moderate, and mature ERC encroachment sites (open grassland:early ERC: p=0.0227; open grass-
land:moderate ERC: p=0.0018; open grassland:mature ERCp<0.001). However, there were no significant differences in
abundance between the three stages with ERC encroachment present (early ERC:moderate ERC: p=0.9207; early ERC:-
maturre ERC: p=0.0774; moderate ERC:mature ERC: p=0.2334) (Fig 5). Based on estimated stage means, there were on
average approximately 2.8 times more A. maculatum in open grassland sites compared to early ERC encroachment sites.

Discussion

Results from this study identified that ERC encroachment in the U.S. Great Plains likely increases the abundance of
two tick species, while abundance of another species known to be associated with grassland ecosystems was lower in
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ERC-encroached areas compared to open grasslands. Notably, for all analyses involving A. americanum and D. vari-
abilis, the earliest stage of ERC encroachment had significantly higher tick abundance compared to open grasslands,
indicating that abundances of these tick species increase shortly after the onset of ERC encroachment into grasslands.
We also documented some species- and life stage-specific responses to later stages of ERC encroachment. For adult A.
americanum collected from flagging and CO, traps, and D. variabilis collected from flagging and CO, traps, abundances
were similarly high between early, moderate, and mature stages of ERC encroachment. For A. americanum nymphs
collected by flagging, abundances in moderate ERC encroachment sites were lower than in early ERC encroachment
sites but increased again in mature ERC encroachment sites to high levels that were comparable to early ERC sites. For
A. americanum nymphs collected by CO, traps, abundance was significantly higher in early ERC encroachment sites than
in both moderate and mature ERC encroachment sites. For A. maculatum, a species known to be associated with open
environments, abundance was higher in grassland compared to all 3 stages with ERC encroachment. Past research has
shown that mature, closed canopy stands of ERC facilitate increased A. americanum and D. variabilis abundance under
individual ERC trees [24,25], however, this is the first study to demonstrate more nuanced responses of tick abundance to
intensifying levels of encroachment on a broader, site-level scale.

Contrary to our hypothesis, abundances of A. americanum and D. variabilis did not increase with each successive
stage of ERC encroachment. Abundances for these species were always significantly higher in the earliest stage of ERC
encroachment compared to grassland; however, as described above and with the exception of A. americanum nymphs
collected by flagging and CO, traps, abundance was generally equivalent across early, moderate, and mature stages
of ERC encroachment. Variation in ground layer vegetation (e.g., grasses and forbs) among encroachment stages may
explain the similarity in tick abundances among sites with ERC trees that are experiencing different stages of invasion.
Previous research has reported that reduced ground cover results in lower A. americanum abundance [40], while D.
variabilis is typically found in field-forest ecotones, which are characterized by a dense understory [47]. We did not con-
duct vegetation sampling in our sites; however, increasing cover of ERC is known to reduce understory vegetation cover
and biomass [48-50]. We also observed anecdotally that sites with mature ERC trees had sparse ground-layer vegetation
due to the extensive tree canopy that blocked light penetration to the forest floor, which was largely comprised of ERC
needles, fallen limbs, and bare soil. In contrast, early and moderate ERC encroachment sites featured native grasses like
Buffalo grass (Bouteloua dactyloides), Bluestem (genus Andropogon), and Switchgrass (Panicum virgatum), along with
additional woody plants such as Smooth Sumac (Rhus glabra) (Propst, personal observation). Increasing ERC cover likely
changes abiotic conditions (e.g., increasing humidity and reducing wind velocity [20]) in ways that support increasing tick
abundance; however, reduced ground cover associated with later encroachment stages may offset effects of increasing
tree cover, leading to the pattern we observed of tick abundances being equally high among early, moderate, and mature
stages of ERC encroachment.

Tick distribution and population establishment are dependent upon wildlife host availability and abundance [51], and
responses of wildlife to ERC encroachment may also help explain these results. White-tailed deer is the primary ver-
tebrate host for A. americanum, though wild turkey (Meleagris gallopavo) and raccoon (Procyon lotor) also are known
to contribute to maintenance of A. americanum populations in the United States [52,53]. All three of these host spe-
cies are native to Oklahoma and may play a role in the westward spread of ticks, aligning with the expansion of ERC
encroachment across the state [23]. Several bird species also carry a large number of ticks in our study region [54], and
bird community changes in association with ERC encroachment are well-documented [55]. However, beyond a general
understanding that wildlife species composition and abundance of individual species change with the process of WPE,
including by ERC [55-57], there is limited understanding of more nuanced changes in wildlife abundance and behavior
that may occur with intensifying stages of encroachment. These changes in wildlife-related factors likely overlay with other
critical ERC-caused changes in abiotic conditions, understory vegetation, and leaf litter to influence tick abundance. Fur-
ther research focused on use of different stages of ERC encroachment by vertebrate hosts, and on sampling of ticks from
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various host species including birds and mammals, is needed to identify which hosts are utilized by each species and life-
stage of ticks in different stages of ERC encroachment.

Our study used two collection methods, CO, trapping and flagging, to assess tick abundance and gain insights into
tick host-seeking activity. Ticks collected by flagging offer a clear representation of actively host-seeking individuals in
the environment, a critical phase during which humans are most likely to encounter and acquire ticks [36,58]. We found
more active host-seeking A. americanum nymphs in ERC-encroached grasslands (specifically in early and mature ERC
encroachment sites) compared to open grassland. Activities like hunting, ranching, and farming in ERC-encroached areas
increase the risk of encountering host-seeking A. americanum. Given that our ERC site clusters were located on publicly
accessible lands, including state parks and wildlife management areas, we are aware that the public is actively using
these areas for outdoor recreation and hunting which increases their risk of exposure to tick-borne diseases. Although
flagging provides an estimate of host-seeking ticks within a specific area, CO, trapping can be used to estimate A. amer-
icanum populations on a landscape level [59]. A previous study that used CO, trapping and mark/recapture protocols
reported that one adult A. americanum captured per hour using dry ice (CO,) represented a mean estimation of 397 ticks
per ha [59]. By applying this calculation to our data, we estimate the mean per ha A. americanum abundances for open
grasslands, and early, moderate, and mature ERC encroachment sites to be 291.1, 15,226.3, 8,797.5, and 9,305.7, ticks
per ha respectively. Although our formal analyses focused on identifying statistically significant differences among ERC
encroachment stages, these descriptive estimates again illustrate the pattern shown for A. americanum adults, and for D.
variabilis, that any level of encroachment may lead to higher numbers of ticks compared to grasslands. These estimates
also highlight the possibility that the earliest stage of encroachment may be associated with the highest tick abundance.
These broad-scale estimates of tick density suggest that it is critical to prevent ERC encroachment (e.g., through manage-
ment methods outlined below) even before it reaches its earliest stage (i.e., during or prior to seed establishment) [34].

Assingle CO, trap in one of our early ERC encroachment sites collected 11,452 A. americanum. This is unusual and, to
our knowledge, may be the largest reported number of ticks ever collected from one trap. This CO, trap was unique in that
the collection occurred in central Oklahoma in late May 2024 just after a heavy rain event that caused flooding (pooling
of water) near the trap location. Although we cannot completely rule out the possibility that these sampled ticks were
always present in the vicinity of the trapping location, it seems possible that they may have congregated and accumulated
there from a much larger area as a result of the flooding. Fire ants are well known for their short-term ‘rafting’ behaviors
during flood conditions [60] but there is a gap in our knowledge regarding how ticks deal with flooding with more published
studies involving underwater survival [61]. Laboratory studies focused on the underwater survival of ticks have reported
that A. americanum can survive as long as 70 days under freshwater [62,63] but no studies have evaluated what ticks do
in water when subjected to pooling or flooding conditions. The collection of such a large number of A. americanum from a
single CO, trap suggests that ERC may provide favorable microhabitats for ticks to shelter in during specific seasons and
adverse weather conditions. If this is indeed the case, the formation of large clusters of ERC, particularly in areas prone
to flooding, may increase the risk of tick-borne pathogen transmission to wildlife or livestock seeking cover under ERC
stands. More studies are needed to investigate how effects of ERC encroachment on ticks may vary in association with
seasonality, with variation in short term weather including temperature and precipitation extremes, and with differences in
climate including spatial differences between regions and temporal changes associated with climate change.

As with all studies, our research was characterized by several limitations. One potential limitation involved the place-
ment of CO, traps beneath individual ERC trees in early, moderate, and mature ERC encroachment sites, which may
have contributed to higher observed abundances than if we had also placed traps in patches of open grass between ERC
trees. In the early stage of encroachment, ERC trees are large enough to provide suitable tick habitat, but as they remain
relatively isolated from other trees, the individual trees may serve as islands of favorable tick habitat within less-
favorable grass patches [25]. In contrast, areas experiencing moderate and mature ERC encroachment may feature more
expansive tick habitats due to the presence of larger ERC trees that are closer together and have smaller intervening
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grass patches. These characteristics may allow ticks to disperse more widely, possibly resulting in lower densities and
fewer being captured under individual trees. Future research within each stage that compares tick abundances between
ERC and grass patches would address the potential clustering effect and provide clearer insights into both fine-scale and
site-level tick densities and abundances. Another potential limitation was that we only used seven site clusters for the
study, which limited our site-level replication. While we tried to identify additional site clusters throughout the study area,
we were constrained by the lack of public land in Oklahoma and by the difficulty of acquiring permission to assess private
land. As such, we were only able to gain access to seven site clusters on land that was either open to the public or owned
by Oklahoma State University. Finally, we did not evaluate seasonal variation in the relationship between ERC and tick
abundance because our goal in this study was to generate information about the effect of ERC on ticks across the entire
seasonal period of activity for each species. However, future research that tests hypotheses related to seasonal effects—
for example, the possibility that differences in tick abundance between open grasslands and ERC-encroached areas are
greatest during extreme conditions (e.g., hot and dry conditions in mid-to late summer) that are buffered by tree cover—is
needed to increase understanding of the effects of woody plant encroachment on tick populations.

Conclusion

Our results provide the most comprehensive evidence to date that ERC encroachment facilitates increased abundance
of some tick species, specifically A. americanum and D. variabilis, compared to open grasslands not yet experiencing
encroachment. Our analyses indicate that the earliest encroachment stage supports substantially greater tick abundance
compared to open grasslands. This finding indicates that tick abundance increases shortly after the onset of encroach-
ment and suggests that the most effective way to prevent increased exposure to ticks in grasslands is to prevent ERC
encroachment before it starts or to remove it during its early stages [34].

Historically, the Great Plains was a grass-dominated biome with minimal tree cover and frequent disturbance by both
wildfire and prescribed fire—including recent prescribed fire efforts and use of fire by indigenous cultures for thousands
of years—however, fire suppression has facilitated expansion of woody plants, transforming grasslands into woodland
ecosystems [34]. Restoring fire regimens is already known to be an effective approach to stop and reverse early stages
of ERC, and our study indicates that this management strategy also may prevent tick populations from further expand-
ing in association with this pervasive form of land cover change. Mechanical and herbicidal removal of ERC, though
often more expensive, can also be used, including at later stages of encroachment when use of fire may become less
effective and more dangerous [33]. Prescribed burns may lower tick numbers through mechanisms such as heat-
induced mortality, reduced availability of shelter and questing areas, and modifications of microclimates coupled with
a decrease in host availability [64]. A prior study in central Oklahoma that occurred on a property that included one of
our site clusters reported that use of prescribed fire significantly reduced tick burdens on cattle but did not lower tick
abundance within pastures [65]. However, other researchers have demonstrated that long-term prescribed burning can
significantly reduce A. americanum populations [40,66]. Regardless, our results documenting increased populations
of A. americanum and D. variablis at the onset of ERC encroachment provide further rationale for preventative man-
agement, since this approach should greatly reduce harmful impacts of encroachment on public and veterinary health
outcomes, in addition to preventing adverse effects of ERC on biodiversity, water quantity, wildfire risk, and livestock
production [34,67].

Supporting information

S1 Fig. Comparison of height and horizontal percent cover of eastern redcedar (ERC) trees in sites capturing
open grasslands and three stages of intensifying ERC encroachment (referred to as early, moderate, and mature
ERC encroachment sites here and in the text). For grasslands, no measurements of trees were taken because
grassland sites contained no trees and therefore height and cover values were inferred to be 0. Horizontal lines
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in boxes indicate median values, boxes indicate interquartile ranges, and lines and whiskers indicate 95% confi-
dence intervals.
(TIFF)

$1 File. Abundance data for A. americanum adults collected from CO, traps, used for statistical analyses pre-
sented in this study.
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S2 File. Abundance data for A. americanum adults collected from flags, used for statistical analyses presented in
this study.
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S3 File. Abundance data for A. americanum nymphs collected from CO, traps, used for statistical analyses pre-
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S4 File. Abundance data for A. americanum nymphs collected from flags, used for statistical analyses presented
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(XLSX)

S5 File. Abundance data for A. maculatum, used for statistical analyses presented in this study.
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(XLSX)

Acknowledgments

We would like to thank Meg Gilliland, Irene Eubanks, Olivia Horton, Billy Harsha, Emma Patterson, Presley Brandt, Mason
Avelar, and Ryley Hall for their help collecting and processing data.

Author contributions

Conceptualization: Jozlyn Propst, Tucker Taylor, Scott R. Loss, Bruce H. Noden.
Data curation: Jozlyn Propst.

Formal analysis: Jozlyn Propst.

Funding acquisition: Scott R. Loss, Bruce H. Noden.

Investigation: Jozlyn Propst, Tucker Taylor, Bruce H. Noden.
Methodology: Jozlyn Propst, Tucker Taylor.

Supervision: Scott R. Loss, Bruce H. Noden.

Validation: Scott R. Loss.

Writing — original draft: Jozlyn Propst.

Writing — review & editing: Tucker Taylor, Scott R. Loss, Bruce H. Noden.

References

1. World Health Organization WHO. Vector-borne diseases. https://www.who.int/news-room/fact-sheets/detail/vector-borne-diseases. Accessed 2025
March 12.

PLOS One | https://doi.org/10.1371/journal.pone.0332832  October 15, 2025 15/18



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0332832.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0332832.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0332832.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0332832.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0332832.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0332832.s007
https://www.who.int/news-room/fact-sheets/detail/vector-borne-diseases

PLO\Sﬁ\\.- One

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24,

25.

26.

27.

Rosenberg R, Lindsey NP, Fischer M, Gregory CJ, Hinckley AF, Mead PS. Vital Signs: Trends in Reported Vectorborne Disease Cases - United
States and Territories, 2004-2016. MMWR Morb Mortal Wkly Rep. 2018;67(17):496-501.

Savage HM, Godsey MS Jr, Tatman J, Burkhalter KL, Hamm A, Panella NA, et al. Surveillance for Heartland and Bourbon Viruses in Eastern Kan-
sas, June 2016. J Med Entomol. 2018;55(6):1613—6. https://doi.org/10.1093/jme/tjy103 PMID: 29947778

Savage HM, Godsey MS Jr, Panella NA, Burkhalter KL, Manford J, Trevino-Garrison IC, et al. Surveillance for Tick-Borne Viruses Near the
Location of a Fatal Human Case of Bourbon Virus (Family Orthomyxoviridae: Genus Thogotovirus) in Eastern Kansas, 2015. J Med Entomol.
2018;55(3):701-5. https://doi.org/10.1093/jme/tjx251 PMID: 29365128

Gottdenker NL, Streicker DG, Faust CL, Carroll CR. Anthropogenic land use change and infectious diseases: a review of the evidence. Ecohealth.
2014;11(4):619-32. https://doi.org/10.1007/s10393-014-0941-z PMID: 24854248

Briggs JM, Hoch GA, Johnson LC. Assessing the rate, mechanisms, and consequences of the conversion of tallgrass prairie to Juniperus virgini-
ana forest. Ecosystems. 2002;5:578-86.

Engle DM, Coppedge BR, Fuhlendorf SD. From the dust bowl to the green glacier: Human activity and environmental change in great plains grass-
lands. Ecological Studies. 2008;:253—-71.

Wang J, Xiao X, Qin Y, Doughty RB, Dong J, Zou Z. Characterizing the encroachment of juniper forests into sub-humid and semi-arid prairies from
1984 to 2010 using PALSAR and Landsat data. Remote Sensing of Environment. 2018;205:166—79.

Eldridge DJ, Bowker MA, Maestre FT, Roger E, Reynolds JF, Whitford WG. Impacts of shrub encroachment on ecosystem structure and function-
ing: towards a global synthesis. Ecol Lett. 2011;14(7):709-22. https://doi.org/10.1111/].1461-0248.2011.01630.x PMID: 21592276

Archer SR, Andersen EM, Predick Kl, Schwinning S, Steidl RJ, Woods SR. Woody plant encroachment: causes and consequences. Springer
Series on Environmental Management. 2017. p. 25-84.

Bidwell TG, Engle DM, Moseley ME, Masters RE. Invasion of Oklahoma rangelands and forests by eastern redcedar and ash juniper. Stillwater,
OK: Oklahoma State University, Oklahoma Cooperative Extension Service. 1995.

Coppedge BR, Engle DM, Fuhlendorf SD, Masters RE, Gregory MS. Landscape cover type and pattern dynamics in fragmented southern great
plains grasslands, USA. Landscape Ecol. 2001;16:677—-90.

Fuhlendorf SD, Woodward AJW, Leslie DM, Shackford JS. Multi-scale effects of habitat loss and fragmentation on lesser prairie-chicken popula-
tions of the US southern great plains. Landscape Ecol. 2002;17:617-28.

Horncastle VJ, Hellgren EC, Mayer PM, Ganguli AC, Engle DM, Leslie DM. Implications of invasion by Juniperus virginiana on small mammals in
the southern great plains. J Mammal. 2005;86:1144-55.

Nackley LL, West AG, Skowno AL, Bond WJ. The Nebulous Ecology of Native Invasions. Trends Ecol Evol. 2017;32(11):814—24. https://doi.
org/10.1016/j.tree.2017.08.003 PMID: 28890126

Schreiner-McGraw AP, Vivoni ER, Ajami H, Sala OE, Throop HL, Peters DPC. Woody Plant Encroachment has a Larger Impact than Climate
Change on Dryland Water Budgets. Sci Rep. 2020;10(1):8112. https://doi.org/10.1038/s41598-020-65094-x PMID: 32415221

Wilcox BP, Basant S, Olariu H, Leite PA. Ecohydrological connectivity: A unifying framework for understanding how woody plant encroachment
alters the water cycle in drylands. Front Environmental Sci. 2022;10.

Keen RM, Nippert JB, Sullivan PL, Ratajczak Z, Ritchey B, O’Keefe K. Impacts of riparian and non-riparian woody encroachment on tallgrass prai-
rie ecohydrology. Ecosystems. 2023;26(2):290-301.

Loss SR, Noden BH, Fuhlendorf SD. Woody plant encroachment and the ecology of vector-borne diseases. J Appl Ecol. 2022;59:420-30.

Zou CB, Twidwell D, Bielski CH, Fogarty DT, Mittelstet AR, Starks PJ. Impact of Eastern Redcedar Proliferation on Water Resources in the Great
Plains USA—Current State of Knowledge. Water. 2018;10(12).

Horncastle VJ, Hellgren EC, Mayer PM, Engle DM, Leslie DM. Differential consumption of Eastern Red Cedar (Juniperus virginiana) by avian and
mammalian guilds: implications for tree invasion. Am Midland Naturalist. 2004;152(2):255-67.

Coppedge BR, Engle DM, Masters RE, Gregory MS. Avian responses to landscape change in fragmented southern great plains grasslands. Eco-
logical Applications. 2001;11:47-59.

Noden BH, Dubie T. Involvement of invasive eastern red cedar (Juniperus virginiana) in the expansion of Amblyomma americanum in Oklahoma. J
Vector Ecol. 2017;42(1):178-83. https://doi.org/10.1111/jvec.12253 PMID: 28504442

Noden BH, Tanner EP, Polo JA, Fuhlendorf SD. Invasive woody plants as foci of tick-borne pathogens: eastern redcedar in the southern Great
Plains. J Vector Ecol. 2021;46(1):12-8. https://doi.org/10.52707/1081-1710-46.1.12 PMID: 35229576

Horton O, Propst J, Loss SR, Noden BH. Tick Utilization of Eastern Redcedar1 Encroached Areas at the Individual Tree Scale in Oklahoma. South-
west Entomol. 2024;49(4):1414-22. https://doi.org/10.3958/059.049.0421 PMID: 40297325

Nichols Heitman K, Dahlgren FS, Drexler NA, Massung RF, Behravesh CB. Increasing Incidence of Ehrlichiosis in the United States: A Summary of
National Surveillance of Ehrlichia chaffeensis and Ehrlichia ewingii Infections in the United States, 2008-2012. Am J Trop Med Hyg. 2016;94(1):52—
60. https://doi.org/10.4269/ajtmh.15-0540 PMID: 26621561

Drexler NA, Dahigren SF, Heitman KN, Massung RF, Paddock CD, Behravesh CB. National Surveillance of Spotted Fever Group Rickettsioses in
the United States, 2008-2012. Am J Tropical Med Hygiene. 2016;94:26-34.

PLOS One | https://doi.org/10.1371/journal.pone.0332832 October 15, 2025 16/18



https://doi.org/10.1093/jme/tjy103
http://www.ncbi.nlm.nih.gov/pubmed/29947778
https://doi.org/10.1093/jme/tjx251
http://www.ncbi.nlm.nih.gov/pubmed/29365128
https://doi.org/10.1007/s10393-014-0941-z
http://www.ncbi.nlm.nih.gov/pubmed/24854248
https://doi.org/10.1111/j.1461-0248.2011.01630.x
http://www.ncbi.nlm.nih.gov/pubmed/21592276
https://doi.org/10.1016/j.tree.2017.08.003
https://doi.org/10.1016/j.tree.2017.08.003
http://www.ncbi.nlm.nih.gov/pubmed/28890126
https://doi.org/10.1038/s41598-020-65094-x
http://www.ncbi.nlm.nih.gov/pubmed/32415221
https://doi.org/10.1111/jvec.12253
http://www.ncbi.nlm.nih.gov/pubmed/28504442
https://doi.org/10.52707/1081-1710-46.1.12
http://www.ncbi.nlm.nih.gov/pubmed/35229576
https://doi.org/10.3958/059.049.0421
http://www.ncbi.nlm.nih.gov/pubmed/40297325
https://doi.org/10.4269/ajtmh.15-0540
http://www.ncbi.nlm.nih.gov/pubmed/26621561

PLO\Sﬁ\\.- One

28. Barger NN, Archer SR, Campbell JL, Huang C, Morton JA, Knapp AK. Woody plant proliferation in North American drylands: A synthesis of impacts
on ecosystem carbon balance. J Geophys Res. 2011;116:G00K07.

29. Teel PD, Ketchum HR, Mock DE, Wright RE, Strey OF. The Gulf Coast Tick: A Review of the Life History, Ecology, Distribution, and Emergence as
an Arthropod of Medical and Veterinary Importance. Journal of Medical Entomology. 2010;47(5):707-22.

30. Diamond DD, Elliott LF. Oklahoma ecological systems mapping interpretive booklet: Methods, short type descriptions, and summary results. Nor-
man, OK: Oklahoma Department of Wildlife Conservation. 2015.

31. Engle DM, Kulbeth JD. Growth dynamics of crowns of eastern redcedar at 3 locations in Oklahoma. Journal of Range Management.
1992;45:301-5.

32. Taylor TC, Propst JD, Noden BH, Loss SR. Tick infestation of birds in grasslands experiencing woody plant encroachment in the United States
Great Plains. Journal of Medical Entomology.

33. Twidwell TG, Weir JR, Engle DM. Eastern Redcedar Control and Management — Best Management Practices to Restore Oklahoma’s Ecosystems.
Stillwater, OK: Oklahoma State University, Oklahoma Cooperative Extension Service. 2017.

34. Twidwell D, Fogarty DT, Weir JR. Reducing Woody Encroachment in Grasslands: A Guide for Understanding Risk and Vulnerability. Stillwater, OK:
Oklahoma State University, Oklahoma Cooperative Extension Service. 2021.

35. Dubie TR, Turner J, Noden BH. Questing Behavior and Analysis of Tick-Borne Bacteria in Ixodes scapularis (Acari: Ixodidae) in Oklahoma. J Med
Entomol. 2018;55(6):1569-74. https://doi.org/10.1093/ime/tjy133 PMID: 30085216

36. Centers for Disease Control and Prevention CDC. Guide to the Surveillance of Metastriate Ticks (Acari: Ixodidae) and their Pathogens in the
United States. Atlanta & Ft. Collins: Division of Vector-Borne Diseases, CDC. 2020.

37. Keirans JE, Litwak TR. Pictorial key to the adults of hard ticks, family Ixodidae (Ixodida: Ixodoidea), east of the Mississippi River. J Med Entomol.
1989;26(5):435-48. https://doi.org/10.1093/jmedent/26.5.435 PMID: 2795615

38. Keirans JE, Durden LA. lllustrated key to nymphs of the tick genus Amblyomma (Acari: Ixodidae) found in the United States. J Med Entomol.
1998;35(4):489-95. https://doi.org/10.1093/jmedent/35.4.489 PMID: 9701933

39. Dubie TR, Grantham R, Coburn L, Noden BH. Pictorial key for identification of immature stages of common ixodid ticks found in pastures in Okla-
homa. Southwest Entomologist. 2017;42(1):1-14.

40. Gilliam ME, Rechkemmer WT, McCravy KW, Jenkins SE. The Influence of Prescribed Fire, Habitat, and Weather on Amblyomma americanum
(Ixodida: Ixodidae) in West-Central lllinois, USA. Insects. 2018;9(2):36. https://doi.org/10.3390/insects9020036 PMID: 29565805

41. Mays SE, Houston AE, Trout Fryxell RT. Comparison of novel and conventional methods of trapping ixodid ticks in the southeastern U.S.A. Med
Vet Entomol. 2016;30(2):123-34. https://doi.org/10.1111/mve.12160 PMID: 26801319

42. R C, Team. R: A language and environment for statistical computing. http://www.R-project.org/. Accessed 2025 March 12.

43. Gelman A, Hill J. Data analysis using regression and multilevel/hierarchical models. Cambridge University Press. 2006.

44. Bates D, Machler M, Bolker B, Walker S. Fitting linear mixed-effects models using Ime4. J Stat Softw. 2015;67:1—48.

45. Venables WN, Ripley BD. Modern applied statistics. 4th ed. New York (NY): Springer. 2002.

46. Lenth R. Emmeans: Estimated Marginal Means, aka Least-Squares Means. 2025.

47. Sonenshine DE, Levy GF. Ecology of the American dog tick, Dermacentor variabilis, in a study area in Virginia. 2. Distribution in relation to vegeta-
tive types. Annals of the Entomological Society of America. 1972;65(5):1175-82.

48. Gehring JL, Bragg TB. Changes in prairie vegetation under eastern red cedar (Juniperus virginiana L.) in an eastern Nebraska bluestem prairie.
American Midland Naturalist. 1992;128(2):209-17.

49. Limb RF, Engle DM, Alford AL, Hellgren EC. Tallgrass prairie plant community dynamics along a canopy cover gradient of eastern redcedar (Juni-
perus virginiana L.). Rangeland Ecol Management. 2010;63(6):638—44.

50. Neumann LK, Davis CA, Fuhlendorf SD. Juniperus virginiana encroachment could limit herbaceous vegetation in central Oklahoma. Rangeland
Ecol Management. 2025;99:26-30.

51. Diuk-Wasser MA, VanAcker MC, Fernandez MP. Impact of Land Use Changes and Habitat Fragmentation on the Eco-epidemiology of Tick-Borne
Diseases. J Med Entomol. 2021;58(4):1546—64. https://doi.org/10.1093/jme/tjaa209 PMID: 33095859

52. Kollars TM Jr, Oliver JH Jr, Durden LA, Kollars PG. Host association and seasonal activity of Amblyomma americanum (Acari: Ixodidae) in Mis-
souri. J Parasitol. 2000;86(5):1156-9. https://doi.org/10.1645/0022-3395(2000)086[1156:HAASA0]2.0.CO;2 PMID: 11128501

53. Paddock CD, Yabsley MJ. Ecological havoc, the rise of white-tailed deer, and the emergence of Amblyomma americanum-associated zoonoses in
the United States. Curr Top Microbiol Immunol. 2007;315:289-324. https://doi.org/10.1007/978-3-540-70962-6_12 PMID: 17848069

54. Roselli MA, Noden BH, Loss SR. Tick infestation of birds across a gradient of urbanization intensity in the United States Great Plains. Urban Eco-
systems. 2022;25(2):379-91.

55. Coppedge BR, Engle DM, Masters RE, Gregory MS. Predicting juniper encroachment and CRP effects on avian community dynamics in southern
mixed-grass prairie, USA. Biological Conservation. 2004;115(3):431—-41.

56. Sirami C, Seymour C, Midgley G, Barnard P. The impact of shrub encroachment on savanna bird diversity from local to regional scale. Diversity
and Distributions. 2009;15(6):48-957.

PLOS One | https://doi.org/10.1371/journal.pone.0332832  October 15, 2025 171718



https://doi.org/10.1093/jme/tjy133
http://www.ncbi.nlm.nih.gov/pubmed/30085216
https://doi.org/10.1093/jmedent/26.5.435
http://www.ncbi.nlm.nih.gov/pubmed/2795615
https://doi.org/10.1093/jmedent/35.4.489
http://www.ncbi.nlm.nih.gov/pubmed/9701933
https://doi.org/10.3390/insects9020036
http://www.ncbi.nlm.nih.gov/pubmed/29565805
https://doi.org/10.1111/mve.12160
http://www.ncbi.nlm.nih.gov/pubmed/26801319
http://www.R-project.org/
https://doi.org/10.1093/jme/tjaa209
http://www.ncbi.nlm.nih.gov/pubmed/33095859
https://doi.org/10.1645/0022-3395(2000)086[1156:HAASAO]2.0.CO;2
http://www.ncbi.nlm.nih.gov/pubmed/11128501
https://doi.org/10.1007/978-3-540-70962-6_12
http://www.ncbi.nlm.nih.gov/pubmed/17848069

PLO\Sﬁ\\.- One

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

White JDM, Stevens N, Fisher JT, Reynolds C. Woody plant encroachment drives population declines in 20% of common open ecosystem bird
species. Global Change Biology. 2024;30(6):e17340.

Ginsberg HS, Ewing CP. Comparison of flagging, walking, trapping, and collecting from hosts as sampling methods for northern deer ticks, Ixodes
dammini, and lone-star ticks, Amblyomma americanum (Acari:Ixodidae). Exp Appl Acarol. 1989;7(4):313—-22. https://doi.org/10.1007/BF01197925
PMID: 2806016

Koch HG. Estimation of absolute numbers of adult lone star ticks (Acari: Ixodidae) by dry ice sampling. Annals of the Entomological Society of
America. 1987;80(5):624-8.

Miot NJ, Tovey CA, Hu DL. Fire ants self-assemble into waterproof rafts to survive floods. Proc Natl Acad Sci U S A. 2011;108(19):7669-73. https://
doi.org/10.1073/pnas.1016658108 PMID: 21518911

Weiler M, Duscher GG, Wetscher M, Walochnik J. Tick abundance: a one year study on the impact of flood events along the banks of the river
Danube, Austria. Exp Appl Acarol. 2017;71(2):151—7. https://doi.org/10.1007/s10493-017-0114-1 PMID: 28251409

Koch HG. Survival of the lone star tick (Acari: Ixodidae) under flooding conditions: a laboratory evaluation. J Econ Entomol. 1986;79(6):1555—7.
https://doi.org/10.1093/jee/79.6.1555 PMID: 3805482

Bidder LA, Asmussen KM, Campbell SE, Goffigan KA, Gaff HD. Assessing the underwater survival of two tick species, Amblyomma americanum
and Amblyomma maculatum. Ticks Tick Borne Dis. 2019;10(1):18-22. https://doi.org/10.1016/j.ttbdis.2018.08.013 PMID: 30181095

Gallagher MR, Kreye JK, Machtinger ET, Everland A, Schmidt N, Skowronski NS. Can restoration of fire-dependent ecosystems reduce ticks and
tick-borne disease prevalence in the eastern United States?. Ecol Appl. 2022;32(7):e2637. https://doi.org/10.1002/eap.2637 PMID: 35426200

Polito VJ, Baum KA, Payton ME, Little SE, Fuhlendorf SD, Reichard MV. Tick Abundance and Levels of Infestation on Cattle in Response to Patch
Burning. Rangeland Ecol Management. 2013;66:545-52.

Gleim ER, Conner LM, Berghaus RD, Levin ML, Zemtsova GE, Yabsley MJ. The phenology of ticks and the effects of long-term prescribed burning
on tick population dynamics in southwestern Georgia and northwestern Florida. PLoS One. 2014;9(11):e112174. https://doi.org/10.1371/journal.
pone.0112174 PMID: 25375797

Wilcox BP, Birt A, Archer SR, Fuhlendorf SD, Kreuter UP, Sorice MG. Viewing woody-plant encroachment through a social—ecological lens. BioSci-
ence. 2018;68(9):691-705.

PLOS One | https://doi.org/10.1371/journal.pone.0332832  October 15, 2025 18/18



https://doi.org/10.1007/BF01197925
http://www.ncbi.nlm.nih.gov/pubmed/2806016
https://doi.org/10.1073/pnas.1016658108
https://doi.org/10.1073/pnas.1016658108
http://www.ncbi.nlm.nih.gov/pubmed/21518911
https://doi.org/10.1007/s10493-017-0114-1
http://www.ncbi.nlm.nih.gov/pubmed/28251409
https://doi.org/10.1093/jee/79.6.1555
http://www.ncbi.nlm.nih.gov/pubmed/3805482
https://doi.org/10.1016/j.ttbdis.2018.08.013
http://www.ncbi.nlm.nih.gov/pubmed/30181095
https://doi.org/10.1002/eap.2637
http://www.ncbi.nlm.nih.gov/pubmed/35426200
https://doi.org/10.1371/journal.pone.0112174
https://doi.org/10.1371/journal.pone.0112174
http://www.ncbi.nlm.nih.gov/pubmed/25375797
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

